Introduction {#j_helm-2018-0015_s_002}
============

Trichinellosis is a wide-spread foodborne zoonosis initiated by the ingestion of raw or poorly-cooked meats containing infectious *Trichinella spiralis (T. spiralis)* larvae. Trichinellosis is considered as a re-emerging disease and it has been reported worldwide. Trichinellosis is not only an important source of public health hazard but also an economic problem in animal production and food safety ([@j_helm-2018-0015_ref_032]; [@j_helm-2018-0015_ref_008]; [@j_helm-2018-0015_ref_019]; [@j_helm-2018-0015_ref_013]; [@j_helm-2018-0015_ref_009]). Infection with *T. spiralis* represents a great challenge for the host immune response. It is due to parasite life cycle of the parasite which is accomplished in one host. The larvae are released from infective capsule-like cysts and undergo maturation process to reach the adult reproductive stage within the intestine. The newborn larvae released from the adult females disseminate through the host by the circulation. Larvae finally enter the skeletal muscles and develop into infective encysted muscle larvae that are essential for transmission ([@j_helm-2018-0015_ref_015]; [@j_helm-2018-0015_ref_028]). In order to complete the life cycle and survive in the host, *T. spiralis* influences the development of immune-regulatory mechanisms essential for immune tolerance ([@j_helm-2018-0015_ref_027]). However, the nature of the relationship between *T. spiralis* and the host organism, as well as mechanisms and signals that control the immune response, have been understood or investigated not sufficiently.

Helminthes have developed different evasion and suppression mechanisms what enable the establishment of infection with lowest possible damage to the host ([@j_helm-2018-0015_ref_023]). The immune response caused by *T. spiralis* is characterized as mixed Th1/ Th2 type of immune response where during the intestinal phase, the Th1 response predominate and subsequently a Th2 response will follow ([@j_helm-2018-0015_ref_013]). Expulsion of the gastrointestinal adult is associated with a prominent mucosal mastocytosis mediated by a Th1 response involving the production of cytokines such as IL-4, IL-5 and IFN-γ ([@j_helm-2018-0015_ref_005]; [@j_helm-2018-0015_ref_020]; [@j_helm-2018-0015_ref_030]). The immunological response to *T. spiralis* muscle invasion is primarily characterized by a Th2 phenotype, in which cells collected from cervical lymph nodes produce IL-5, IL-10, IL-13 and IFN-γ after the stimulation with somatic larval antigens ([@j_helm-2018-0015_ref_006]). IL-10 controls the level of inflammation induced by *T. spiralis* especially during the chronic phase of infection ([@j_helm-2018-0015_ref_001]). Excretory-Secretory (ES) products from different stages of *T. spiralis* infection can modulate macrophages function *in vitro* by inhibiting pro-inflammatory cytokine production ([@j_helm-2018-0015_ref_033]) and the muscle larvae ES products have the properties that regulate the immune response by its suppressive effect on dendritic cells (DCs) maturation ([@j_helm-2018-0015_ref_001]; [@j_helm-2018-0015_ref_011]). *T. spiralis* infection alters the immune response via increased production of both IL-4 and IL-10 and decreased production of IFN-γ and IL-17 ([@j_helm-2018-0015_ref_012]).

Pattern recognition receptors such as Toll-like receptors (TLRs) may regulate the response of DCs and macrophages, as well as the other immune cells of the innate immune system such as mast cells ([@j_helm-2018-0015_ref_033]; [@j_helm-2018-0015_ref_017]). *In vitro, T. spiralis* ES antigens can suppress DCs maturation but this effect depends on the type of lipopolysaccharide (LPS) used to activate these cells ([@j_helm-2018-0015_ref_017]). Studies showed that the suppressive effect of ES on DCs maturation is restricted to TLR4 using different TLR agonists and the ES products can also interfere with the expression of several genes related to the TLR-mediated signal transduction pathways ([@j_helm-2018-0015_ref_002]). Induction of inflammatory cytokines by LPS is mediated by nuclear factor-κB (NF-κB). The ES products may modulate the macrophages activities *in vitro* and the roles of ES products in the LPS-induced nuclear translocation of NF-κB are being investigated. Regulation of inflammatory cytokine induction via the NF-κB pathways is an important mechanism in parasite infection ([@j_helm-2018-0015_ref_003]). Despite many immunomodulatory investigations concerning helminthes or their products, very little is known about the TLRs mechanisms and signals that control the immune response and systemic cytokine response *in vivo*. In this study, cytokine profiles in serum and macrophages were examined from mice infected with *T. spiralis*. The expression of TLR4 was determined by flow cytometry analysis and macrophages were analysed with semi-quantitative PCR during *T. spiralis* infection. In addition, the expression of MyD88 (myeloid differentiation primary-response gene 88) and NF-κB was measured by Western blot analysis. The different stages of *T. spiralis* had different impacts on the expression of TLRs and related signaling molecules.

Materials and Methods {#j_helm-2018-0015_s_003}
=====================

Animal and parasite infection {#j_helm-2018-0015_s_003_s_001}
-----------------------------

Male BALB/C mice, 6 -- 8 weeks old, purchased from the Experimental Animal Center of Harbin Veterinary Research Institute of Chinese, Academy of Agricultural Sciences (CAAS) were infected orally with 500 *T. spiralis* larvae (isolate code: ISS3; original host: domestic pig of Poland). The muscle larvae were isolated as described previously ([@j_helm-2018-0015_ref_021]). The blood serum was collected from the mouse eye socket at 0, 4, 7, 14, 21 and 28 days post infection (p.i.). The group sizes consisted of three mice per group per each time points.

Abdominal macrophages isolation {#j_helm-2018-0015_s_003_s_002}
-------------------------------

Infected mice were sacrificed at 4, 7, 14, 21 and 28 days p. i. and the uninfected mice were used as control. The RPMI 1640 medium (Gibco, Grand Island, USA) was instilled into the mouse abdomen and cells were concentrated by spinning (3000 g, 10 min) and by subsequent supernatant removal. Tris-NH~4~CL was added to lyze the red cells and macrophages were cultured in RPMI 1640 supplemented with 10 % fetal calf serum (Sigma, Saint Louis, USA) on 24-well plates and maintained at 37 °C in 5 % CO~2~ for 2 hr. After the incubation, the non-adherent cells were removed by washing and adherent cells were re-supplemented again in RPMI 1640 with 5 % FCS. Afterwards counted and checked for viability. Macrophages were then seeded into 24-well plates and allowed to adhere for another 24 hr. Then the cells were collected and flow cytometry analysis was performed. Two treatments were carried out on macrophages. Cells were either LPS untreated or treated with LPS for the first 12 h (final conc., 100 ng/ml). The cells and cultured and supernatants were collected and stored at -80 °C until the ELISA was performed.

Cytokine and NO level analyses {#j_helm-2018-0015_s_003_s_003}
------------------------------

The levels of IL-6, IL-10, IL-12, TNF-α and NO in serum and cultured supernatants were determined by cytokine ELISA kit (RD Systems, Minneapolis, USA) according to the manufacturer's instructions. The absorbance of the wells was read at 450nm on microplate reader (BIO-RAD 680, Hercules, USA). Cytokine and NO concentrations in examined samples were calculated according standard curves generated with known concentrations of cytokines (BD Pharmingen, San Diego, USA). Results are expressed in picograms per mililiter (pg.ml^-1^).

Semi-quantitative RT-PCR {#j_helm-2018-0015_s_003_s_004}
------------------------

Total RNA was extracted, from the samples of macrophages at different day p. i., by TRIZOL RNA extraction kit (Invitrogen, Vienna, Austria) and according to the manufacturer's instructions. The RNA from each sample was reverse-transcribed to cDNA with Reverse Transcription System (Promega, Madison, USA). The PCR primers were designed by use of the Primer-BLAST tool at the NCBI website. The forward primer of the TLR4 was 5'-tcacctgatacttattgctgg-3' and the reverse primer was 5'-agttgccgtttcttgttct-3' (GenBank accession number NM_021297.2). A pair of primer for TLR2 (5'-ctgagaatgatgtgggcgt-3' and 5'-cttggtgttcattatcttgcg-3'; GenBank accession number AF165189) was developed. Levels of target genes were normalized to that of β-actin as a housekeeping gene (5'-ctgtccctgtatgcctctg-3' and 5'-atgtcacgcacgatttcc-3'; GenBank accession number NM_007393). Amplification of the fragments at 538 bp TLR4 and 426 bp TLR2 and 218 bp β-actin was carried out by PCR. The PCR reaction was conducted under the following conditions: an initial denaturation at 95 °C for 5 min, 30 cycles of denaturation at 95 °C for 30 s, annealing at 53.5 °C, 55 °C and 55 °C for 30 s and elongation at 72 °C for 30 s, and a final extension at 72 °C for 10 min (Mini Cycler® Peltier Thermal cycler, MJ Research, Waltham, USA). The PCR products were analyzed by electrophoresis on 1 % agarose gel and the density of the PCR gene mRNA was divided by that of the density β-actin to obtain a normalized value for target gene expression.

Flow cytometry {#j_helm-2018-0015_s_003_s_005}
--------------

Abdominal macrophages were washed and re-suspended in PBS and cells were phenotyped for the expression of the CD282/TLR2 and CD284/TLR4 cell surface markers. 1×10^6^ cells were incubated in the dark at room temperature for 1 hr with PE-conjugated anti CD284 antibody (eBioscience, San Diego USA). Then the cells were washed twice with PBS and flow cytometry analysis was carried out on a FACScalibur (BD, San Jose, USA) equipped with FACS Diva 6.0 software.

Western blot analysis {#j_helm-2018-0015_s_003_s_006}
---------------------

Macrophages were collected and proteins were extracted according to the manufacturer's handbook (KeyGEN BioTECH, Nanjing, China). Protein concentrations in each sample were determined by Bradford Protein Assay Kit (KeyGEN BioTECH, Nanjing, China). The proteins were then separated with 10 % SDS-PAGE and transferred on nitrocellulose membrane, which was blocked overnight with 5 % (w/v) non-fat dry milk in TBST (20 mmol/l Tris-HCl (pH 7.6), 150 mmol/l NaCl and 0.02 % Tween 20). Membranes were then washed three times for 10 min in TBST and incubated for 1 hr at 37 °C with rabbit polyclonal anti-MyD88, anti-NF-κB and anti-β-actin primary antibodies (Bioss, Beijing, China). In addition, anti-β-actin was used to detect β-actin expression as a quantitative control. After being washed three times for 10 min in TBST the membranes were incubated for 1 hr at RT with horseradish peroxidase (HRP)-conjugated secondary antibody. The membranes were then washed again three times in TBST and protein bands were visualized with the ECL enhanced chemiluminescent (Hai-Gene, Harbin).

Statistical analysis {#j_helm-2018-0015_s_003_s_007}
--------------------

Results are presented as mean ± SD. Significance of the differences between experimental and control groups were calculated using Student's *t* test. In all cases, a *p* value less than 0.05 was considered to be statistically significant.

Ethical Approval {#j_helm-2018-0015_s_004}
================

All animal husbandry and experimental procedures were performed in accordance with the Chinese Animal Management Ordinance (People's Republic of China Ministry of Health document No.55 in 2001). The research related to animals use has been complied with all the relevant national regulations and institutional policies for the care and use of animals.

Results {#j_helm-2018-0015_s_005}
=======

Cytokine measurement {#j_helm-2018-0015_s_005_s_001}
--------------------

The expression of TNF-α, IL-6, IL-10, IL-12 and NO in the LPS-stimulated macrophages from the infected mice was detected by ELISA. TNF-α ([Fig. 1 A)](#j_helm-2018-0015_fig_001){ref-type="fig"} levels were up-regulated in non-LPS treated macrophages at days 14 and 21 p. i.. Higher IL-6 ([Fig. 1 B)](#j_helm-2018-0015_fig_001){ref-type="fig"} expression readings in cell culture supernatants that were detected at days 7 -- 21 p. i., while the IL-10 ([Fig. 1 C)](#j_helm-2018-0015_fig_001){ref-type="fig"} and IL-12 ([Fig. 1](#j_helm-2018-0015_fig_001){ref-type="fig"} D) levels were up-regulated only at day 4 p. i.. There were no differences in the cytokine production between LPS-treated macrophages and control. Upon the LPS stimulation, there were differences in TNF-α, IL-6 and IL-10 but not in IL-12 and NO ([Fig. 1](#j_helm-2018-0015_fig_001){ref-type="fig"} E) between the groups at days 14 -- 21 p. i.. The amount of NO ([Fig. 2](#j_helm-2018-0015_fig_002){ref-type="fig"} A) significantly increased in the serum after *T. spiralis* infection, meanwhile the levels of TNF-α ([Fig. 2 B)](#j_helm-2018-0015_fig_002){ref-type="fig"} IL-10 ([Fig. 2 C)](#j_helm-2018-0015_fig_002){ref-type="fig"} and IL-12 ([Fig. 2 D)](#j_helm-2018-0015_fig_002){ref-type="fig"} decreased significantly. However, no changes were detected in IL-6 expression ([Fig. 2 E)](#j_helm-2018-0015_fig_002){ref-type="fig"}

![Cytokine profile in the macrophages supernatants after infection with *T. spiralis* at the indicated time points. Cells were treated with or without LPS (final conc., 100 ng/ml) for 12 h. No cytokines production was detected in control group without *T. spiralis* infection (data not shown). A -- E: TNF-α, IL-6, IL-10, IL-12 and NO levels in the cell supernatant were measured by ELISA.](helm-55-195-g001){#j_helm-2018-0015_fig_001}

![Cytokine profile in the serum after infection with *T. spiralis* at the indicated time points. The serum was separated from blood taken from the mouse eye socket. No cytokines production was detected in control group without *T. spiralis* infection (data not shown). A-E: NO, TNF-α, IL-10, IL-12 and IL-6 levels in the serum were measured by ELISA.](helm-55-195-g002){#j_helm-2018-0015_fig_002}

Quantification of TLRs expression {#j_helm-2018-0015_s_005_s_002}
---------------------------------

To determine whether the TLRs expression was differently regulated, the mRNA of TLRs was determined in macrophages of *T. spiralis*-infected mouse *in vitro*. The quantification of TLRs mRNA was measured by normalization to β-actin. The TLR2 expression in LPS-stimulated macrophages was up-regulated when compared with naive cells ([Fig. 3 A)](#j_helm-2018-0015_fig_003){ref-type="fig"} There was no difference in the TLR2 expression between macrophages with or without LPS stimulation, except day 21 p. i. ([Fig. 3 B)](#j_helm-2018-0015_fig_003){ref-type="fig"} There was no difference in the TLR4 expression between the LPS-stimulated and non-LPS stimulated cells on day 14 p. i Flow cytometry showed that the TLR4 expression decreased only at day 21 p. i. in the LPS-stimulated macrophages when compared with naive cells ([Fig. 4](#j_helm-2018-0015_fig_004){ref-type="fig"}).

![The TLR2 (A) and TLR4 (B) mRNA expression in macrophages in mice after infection with *T. spiralis* at the indicated time points by RT-PCR. Cells were either left untreated with LPS for 12 h or treated for the same time with LPS (final conc., 100 ng/ml) for 12 h. A total RNA was purified from cells and TLR mRNA were assayed by semi-quantitative RT-PCR.](helm-55-195-g003){#j_helm-2018-0015_fig_003}

![The MFI of TLR4 in macrophages in mice after infection with *T. spiralis* at indicated time points by flow cytometry. Flow cytometry was carried out and analyzed on a FACScalibur (BD, ADD CITY, USA) with FACS Diva 6.0 software.](helm-55-195-g004){#j_helm-2018-0015_fig_004}

Expression of MyD88 and NF-κB by Western blot analysis {#j_helm-2018-0015_s_005_s_003}
------------------------------------------------------

It is known that MyD88-dependent pathway is one of the TLRs signaling pathways mediated universally by all TLRs. The expression of MyD88 and NF-κB involved in activating or regulating TLRs signaling was examined on macrophages at indicated time points after *T. spiralis* infection. The MyD88 and NF-κB expressed on macrophages were similar to the TLR4 mRNA expression pattern ([Fig. 5](#j_helm-2018-0015_fig_005){ref-type="fig"}). The expression of MyD88 was up-regulated on day 4 and 7 p.i. at intestinal phase. So we inferred that the intestinal adult may activate the MyD88. In addition, the expression of MyD88 was up-regulated by the muscle larvae. Relative MyD88 and NF-κB expression in no LPS show statistical significance at day 21 and 28 p.i. ([Fig. 6 A, B)](#j_helm-2018-0015_fig_006){ref-type="fig"} Those days represent chronic infection. The exact mechanism needs further investigation.

![MyD88 and NF-κB expression in macrophages after infection with *T. spiralis* at indicated time points by western blot. Cells were treated with LPS (final conc., 100 ng/ml) for 12 h. The protein was detected in control group without *T. spiralis* infection. Protein samples were analyzed by western blot with phospho-specific antibodies. 4, 7, 14, 21 and 28: The time points (days) after the infection of *T. spiralis*.](helm-55-195-g005){#j_helm-2018-0015_fig_005}

![The expression of MyD88 (A) and NF-κB (B) in macrophages after infection with *T. spiralis* at the indicated time points. Cells treated with or without LPS (final conc., 100 ng/ml) for 12 h. The protein concentrations were determined by using the Bradford Protein Assay Kit. Expression is normalized to β-actin.](helm-55-195-g006){#j_helm-2018-0015_fig_006}

Discussion {#j_helm-2018-0015_s_006}
==========

Helminthes parasites are of considerable medical and economic importance. Studies on the immune response against helminthes are of great interest by reason of understanding the interactions between host immune system and parasites ([@j_helm-2018-0015_ref_022]). In order to maintain their life cycle, helminthes parasites can modulate the host's immune response that would enable their long-term survival within the host. Parasites are able to persist in the host and are mainly responsible for chronic infection despite a strong immune response developed by the parasitized host ([@j_helm-2018-0015_ref_014]). The pathogenic organisms (virus, bacteria and parasite) can activate antigen presentation cells (APCs) primarily through pattern recognition receptors -- TLR recognition and signaling ([@j_helm-2018-0015_ref_033]; [@j_helm-2018-0015_ref_016]). The antigen component of *T. spiralis* may possibly serve as a ligand of TLR4 and ES antigen suppressed cytokine production and expression of co-stimulatory markers on DCs induced by TLR4. It was found that the expression of CD40, CD80 and CD86 of the DCs surface and cell factors (IL-6, IL-10 and TNF-α) was decreased ([@j_helm-2018-0015_ref_017]).

Previous study has demonstrated that macrophages play crucial roles in host immune responses against various pathogens ([@j_helm-2018-0015_ref_003]). Given the recent advances in activated macrophages under the control of Th2-dependent cytokines expression in helminthes infection ([@j_helm-2018-0015_ref_007]), the expression levels of TLR2 and TLR4 on macrophages in *T. spiralis* infection was investigated. Our results showed that the mRNA expression of macrophages TLRs *in vivo* was differently regulated throughout *T. spiralis* infection. The TLR2 expression was increased only in the LPS-stimulated macrophages but not in non- stimulated macrophages at day 4 p. i.. The expression levels of TLR2 and TLR4 decreased gradually from day 7 p. i. Probably due to increased antigens production induced by newborn *Trichinella* larvae what suggest that newborn larvae have extensive inhibitory effects on host immune response. The expression was lowest at day 14 p. i. and increased gradually up to day 21 thus contributing to the tolerance elimination and formation of the cysts in muscles. These results suggest that *T. spiralis* ES products at each stage of infection are potential factors for regulation of host immune response by modulation of TLRs expression and signal pathways in macrophages. Intestinal DCs and macrophages retain regulatory mechanisms what prevent excessive inflammation, and there is an active suppression of pro-inflammatory cytokine production by regulatory cytokine such as IL-10 ([@j_helm-2018-0015_ref_025]; [@j_helm-2018-0015_ref_004]). Macrophages stimulated by LPS differentiate into classically activated macrophages and release a number of immune mediator molecules (IL-12, IL-6, TNF-α, nitric oxide -- NO), which play critical roles in initiation and modulation of the host immune responses to parasite infections ([@j_helm-2018-0015_ref_003]; [@j_helm-2018-0015_ref_024]). Further we investigated the dynamic changes of cell factors from different stages of *T. spiralis* in serum and macrophages. TNF-α, IL-6, IL-10 and IL-12 were decreased in LPS-stimulated macrophages, as well as TNF-α, IL-6, IL-10 and IL-12 in serum. Results are comparable with those of Bai and colleges who found that the ES products from different stages of *T. spiralis* infection significantly suppressed the production of pro-inflammatory TNF-α, IL-Iβ, IL-6 and IL-12 in LPS-stimulated macrophages *in vitro* ([@j_helm-2018-0015_ref_003]). NO was reported to play an important role in induction of intestinal physiology and inflammation during *T. spiralis* infection ([@j_helm-2018-0015_ref_018]). The regulation of NO release is associated with iNOS release, and induced macrophages can produce the enzyme NOS2 (an enzyme responsible for the production of nitric oxide) which transforms L-arginine to nitric oxide, responsible for parasite damage ([@j_helm-2018-0015_ref_006]). Our results showed that the NO expression was increased in serum and decreased in LPS-stimulated macrophages at day 21 p. i.. Our results are consistent with the findings that ES products had a suppressive effect on LPS-stimulated iNOS expression in macrophages ([@j_helm-2018-0015_ref_003]).

The NF-κB signaling pathway regulates LPS-stimulated pro-inflammatory response in macrophages. The ES products of helminthes have been found to inhibit NF-κB activation ([@j_helm-2018-0015_ref_026]). *Trichinella* ES products are able to inhibit the LPS-stimulated nuclear translocation of p65 and also reduce ERK1/2 and p38 MAPK phosphorylation ([@j_helm-2018-0015_ref_003]). TLR4 signaling involves two main intracellular pathways. One is MyD88-dependent pathway which mediates the production of pro-inflammatory cytokines and second is MyD88-independent or TRIF pathway which mediates the up-regulation of co-stimulatory and MHC II molecules on DCs ([@j_helm-2018-0015_ref_010]; [@j_helm-2018-0015_ref_029]). Here we found that the expression levels of NF-κB and MyD88 was similar to the TLR4 expression in LPS-stimulated macrophages *in vivo*. The TLR4 expression changes induced by *T. spiralis* infection could activate the TLR4/MyD88/NF-κB signaling pathway and also effect the secretion of inflammatory cytokines in macrophages, what could participate in immune suppression.

In summary, we confirmed that experimental *T. spiralis* infection in mice could modulate the host immune response. Different stages of infection had different effects on cytokine profiles, as well as the TLRs and related signaling molecules in macrophages. The expression of TLR2 and TLR4 were modulated at different stages of *T. spiralis* infection. The cytokine levels were regulated through TLR4-mediated signaling pathway, suggesting that TLR4 modulated the immunosuppression of the host. This study provides fresh insights into the mechanisms of TLR-mediated post-inflammatory response during *T. spiralis* infection.
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